Abstract. Fatty acid synthase (FASN) is the key enzyme required for the de novo synthesis of long-chain fatty acids. FASN has been observed to be overexpressed in the majority of cancer tissues, and its expression is associated with a poor prognosis, potentially mediated by resistance to drug or radiation. The present study investigated whether the downregulation of FASN in non-small cell lung cancer (NSCLC) may increase radiosensitivity. A lentiviral vector containing short hairpin RNA targeted to FASN (pSIH-H1-Puro-shFASN) was successfully constructed and transfected into A549 cells to knockdown the gene by RNA interference. pSIH-H1-Puro-shFASN was used as the experimental group, while pSIH-H1-Puro-shGFP was used as a control group. The mRNA expression levels of FASN were determined using quantitative polymerase chain reaction. In addition, cell proliferation was measured using cell counting kit-8 assay, and colony formation assay was performed to determine the radiosensitizing effect of FASN knockdown. The cell cycle distribution and apoptotic rates were analyzed using flow cytometry, while western blot analysis was used to assess the expression of DNA-dependent protein kinase catalytic subunit protein, which is associated with DNA double-strand break (DSB) repair. The results of the present study revealed that NSCLC cells are more sensitive to radiation following the knockdown of FASN. Furthermore, the increased radiosensitivity may be associated with increased proliferation, promotion of apoptosis and cell cycle arrest in the G2/M phase. Furthermore, downregulated FASN expression reduced the levels of DNA DSB repair-associated proteins following treatment with radiation. These results indicate that silencing FASN may sensitize NSCLC cells to radiation treatment. Therefore, FASN may be a potential novel therapeutic target to improve the response of NSCLCs to radiation therapy.
Introduction
In previous years, lung cancer has been a leading cause of mortality globally (1) . According to reports from the International Agency for Research on Cancer, the morbidity and mortality rates of lung cancer have been increasing markedly, and lung cancer has become a significant threat to human health (2) . Non-small cell lung cancer (NSCLC) accounts for ~85% of all lung cancer cases globally (3) , with the majority diagnosed at intermediate or advanced stages (3) . Morbidity is higher among men than women (4) . Despite improved laboratory diagnosis, surgery, chemotherapy and radiotherapy techniques, the 5-year survival rate and prognosis of patients with NSCLC remain unfavorable (5) . The main cause of treatment failure is local recurrence (4) .
Radiotherapy is an important local and regional therapeutic technique. The role of ionizing radiation in radiotherapy is the induction of DNA double-strand breaks (DSBs) and the inhibition of DNA repair (6) . Thorough investigation of molecular variations that affect responses to radiation is required to improve the understanding of the differences in radiosensitivity between individuals. Therefore, understanding NSCLC at the molecular level has attracted extensive research efforts. Furthermore, identifying a specific target to enhance radiotherapeutic efficacy and reduce its adverse effects in NSCLC is of notable interest.
The uncontrolled proliferation of a tumor results in the consumption of large amounts of nutritional substances (7) . Under pathological conditions, aerobic oxidation and anaerobic metabolism cannot meet the unlimited energetic requirements of tumor cells (8) . Therefore, increasing the function of fat metabolism is an important mechanism by which to maintain the energy supply of tumor cells, in addition to increasing glucose availability (9) . Dysregulated lipid metabolism is strongly associated with the development, maintenance and metastatic progression of tumors (10, 11) . Based on this, it is hypothesized that the reduction of fatty acid synthesis may inhibit tumor cell growth and therefore that fatty acid synthase (FASN) may be a potential target in the development of anticancer treatments.
FASN is the pivotal enzyme required for the de novo synthesis of fatty acids and represents one of the most commonly overexpressed lipogenic enzymes (12) , which are critical to fatty acid synthesis and metabolism. This is thought to be essential for the progression, metastasis, and drug and radiation resistance of tumors (12) . In recent years, accumulating evidence has demonstrated that the overexpression FASN is strongly associated with an unfavorable prognosis and treatment resistance in a variety of human neoplasms, including breast (13), bladder (14) , nasopharyngeal carcinoma (15) , esophageal (16) and pancreatic cancer (17) . Although the roles of FASN in tumor progression and treatment resistance have been investigated, there have been no studies of FASN expression in NSCLC and its association with sensitivity to ionizing irradiation.
Although the expression of FASN is upregulated in various types of cancer, its association with radiosensitivity in NSCLC is not well understood. Therefore, the aim of the present study was to construct an effective short hairpin RNA (shRNA) to knockdown FASN in an NSCLC cell line (A549), and to measure the effect of this on cell proliferation, the cell cycle and apoptosis, in addition to assessing radiosensitivity by the analysis of clone formation and DNA repair proteins.
Materials and methods
Cell culture. The human NSCLC cell line A549 was obtained from the Institute of Cancer Prevention and Treatment, Harbin Medical University. The cells were routinely cultured in RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Hyclone; GE Healthcare Life Sciences, Shanghai, China) at 37˚C in 5% CO 2 incubator.
Lentiviral vectors construction for FASN small hairpin RNA and transfection.
To construct a lentiviral vector containing small hairpin RNA targeted to FASN, the FASN fragment was amplified from human genomic DNA (A549 cell line) using PCR (SanTaq Plus PCR kit; cat. no. SK2491; Sangon Biotech Co., Ltd., Shanghai, China) (30 cycles of denaturing at 94˚C for 30 sec, annealing at 60˚C for 30 sec, and elongation at 72˚C for 30 sec). Briefly, 1 µg of each plasmid DNA and 20 µl of Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) were mixed separately with Optim-MEM medium (Invitrogen; Thermo Fisher Scientific, Inc.) and incubated for 5 min at room temperature. The FASN fragment was then inserted into AgeI and Ecor I enzyme sites of pSIH-H1-Puro vector and sequenced. Two pairs of effective RNA interference sequences, shRNA#3072 and shRNA#7377 to target the FASN gene (Thermo Fisher Scientific, Inc.) were designed (DNAMAN, version 6.0) and synthesized (version A30142; Thermo Fisher Scientific, Inc.). The sequence of shRNA#3072 was 5'-CCC AGG CTG AAG TTT ACAA-3' and the sequence of shRNA#7377 was 5'-GGT CCT TCT ACT ACA AGCT-3'. At the same time, a corresponding vector pSIH-H1-Puro-shGFP was constructed as the negative control. Then, lentiviral vector DNAs and packaging vectors were transfected into A549 cells. Supernatants containing lentiviruses were harvested 72 h after transfection, following puromycin (Invitrogen; Thermo Fisher Scientific, Inc.) selection to obtain positive clones. Infection efficiency was determined using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay and western blot analysis.
RT-qPCR. Total RNA was extracted from the A549 cells using the E.Z.N.A DNA/RNA isolation kit (Omega Bio-tek Inc., Norcross, GA, USA). Total RNA kit I (Omega Bio-Tek, Inc., Norcross, GA, USA) and cDNA synthesis was performed using the Transcriptor First Strand cDNA Synthesis kit (Roche Diagnostics, Basel, Switzerland), according to the manufacturer's protocols. Amplification conditions consisted of pre-denaturation at 95˚C for 10 min followed by 40 cycles of denaturation at 95˚C for 15 sec, annealing at 55˚C for 60 sec and elongation at 72˚C for 45 sec. qPCR was conducted using the FastStart Universal SYBR-Green Master (Roche Diagnostics) on a thermocycler (Applied Biosystems 7500 Fast Real-Time PCR System; Thermo Fisher Scientific, Inc.). DNA primers were synthesized by Invitrogen (Thermo Fisher Scientific, Inc.) and the sequences were as follows: FASN forward, 5'-GGA CCT GAC CTG CCG TCT AG-3' and reverse, 5'-GAG GAG TGG GTG TCG CTG TT-3'; GAPDH forward, 5'-TGG TCT CCT CTG ACT TCA AC-3' and reverse, 5'-GTG AGG GTC TCT CTC TTC CT-3'. Human GAPDH was used as an internal control. The 2 -ΔΔCq method was used to calculate the relative mRNA expression of FASN (18) .
Irradiation. Stably transfected cells and a negative control group were irradiated at room temperature at a dose rate of 2.0 Gy/min (2 Gy for 1 min, then 4 Gy for 2 min) of 6-MV X-ray using an ELEKTA Synergy accelerators (Uppsala, Sweden).
Cell cycle analysis. Cell cycle arrest in the presence or absence of irradiation was measured. 1-3x10 6 cells were seeded onto 6-well culture plates overnight and were attached to the surface of the plate. Following exposure to 6 Gy X-ray radiation, the cells were harvested by trypsinization, washed twice with phosphate-buffered saline (PBS) and fixed in 70% cold ethanol overnight at -20˚C. The cells were then washed twice with PBS. Subsequently, the cells were resuspended in 0.5 ml propidium iodide (PI; cat. no. 340242; BD Biosciences, San Jose, CA, USA) for staining and incubated in the dark for 30 min at 37˚C. The cell cycle distribution was analyzed using a Coulter EPICS XL flow cytometer (BD FACS Canto II; Beckman Coulter, Inc., CA, USA) and MODFIT software (version: 3.2; BD Biosciences).
Apoptosis assay.
To quantify the population of apoptotic cells, an Apoptosis Detection Annexin kit (Vazyme, Nanjing, China) was used. The cells (1-5x10 5 ) were seeded onto 6-well plates, with or without subsequent treatment with 6 Gy X-ray. The culture medium was collected, and the cells were harvested with trypsin and centrifuged for 10 min at 1,200 x g at room temperature. The cells were then resuspended in 100 µl binding buffer and incubated with 5 µl Annexin V and 5 µl PI for 10 min at room temperature, followed by the addition of 400 µl binding buffer. Finally, the cell sample was analyzed using a Coulter EPICS XL flow cytometer (BD FACS Canto II; Beckman Coulter, Inc., CA, USA) with Diva software (BD Biosciences; version 1.1.3) according to the manufacturer's protocols.
Colony formation assay. Stable transfected cells were planted on a 6-well culture plates at different cell densities (100, 200, 400, 1,000 and 5,000 cells per well). After 24 h, following exposure to a single dose of 0, 2, 4 and 6 Gy X-ray radiation with a 100 cm focus-surface distance at a dose rate of 2.0 Gy/min (2 Gy for 1 min, then 4 Gy for 2 min) at room temperature. After treatment, the cells were allowed to grow for 10-14 days to form colonies in an incubator at 37˚C and 5% CO 2 , and then washed with PBS and fixed using methanol for 15 min, and then stained using crystal violet for 10-30 min at room temperature. Subsequently, colonies were counted (≥50 cells were scored as clonogenic survivors) under a light microscope (magnification, x40). In each irradiation dose group, surviving fraction of cells was calculated as the plating efficiency of the irradiation cells divided by that of the non-irradiated control. All experiments were performed independently at least three times.
Cell proliferation analysis using cell counting kit-8 (CCK-8).
Stably transfected A549 cells were plated onto 96-well plates at a density of 2x10 3 cells/100 µl/well. At 1, 2 and 3 days after incubation, 10 µl CCK-8 solution (Beijing Zoman Biotechnology Co., Ltd, Beijing, China) was added into each well, and the plate was incubated for an additional 2 h in the dark at 37˚C in a humidified incubator. The absorbance values for all wells were measured at 480 nm with a microplate reader (ELx800 Absorbance Reader, BioTek Instruments, Inc., Winooski, VT, USA).
Western blot analysis. The cells were washed twice with PBS and lysed in ice-cold radioimmunoprecipitation assay buffer containing phenylmethanesulfonyl fluoride (Cell Signaling Technology, Inc., Danvers, MA, USA) for 30 min and centrifuged at 12,000 x g for 15 min at 4˚C for isolation of total protein. The protein concentration was determined using a bicinchoninic acid assay (Thermo Fisher Scientific, Inc.). The proteins were then denatured by heating at 99˚C for 5 min. A total of 20-80 µg amounts of protein were loaded onto a 6% SDS-PAGE and separated by electrophoresis, followed by transfer onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). Following blocking with 5% skimmed milk in Tris-buffered saline containing 0.1% Tween-20 at room temperature for 1 h, the membranes were probed at 4˚C overnight with the following primary antibodies: Rabbit anti-FASN (cat. no. A6273; dilution, 1:500; ABclonal Biotech Co., Ltd., Woburn, MA, USA), anti-DNA-dependent protein kinase catalytic subunit (DNA-PKcs; cat. no. 4602; dilution, 1:500; Cell Signaling Technology, Inc.) and mouse anti-β-actin (cat. no. TA811000; dilution, 1:10,000; OriGene Technologies, Inc., Beijing, China). The membranes were washed using tris buffered saline with 0.1% Tween 20 three times prior to incubation with horseradish peroxidase-conjugated goat anti-rabbit IgG (cat. no. A0208; Beyotime Institute of Biotechnology, Haimen, China; 1:2,000 dilution) for 1 h at room temperature. The proteins were visualized using a SuperSignal enhanced chemiluminescence kit (Thermo Fisher Scientific, Inc.).
Statistical analysis. Each experiment was repeated at least three times, and statistical analyses were performed using SPSS (version 22.0; IBM Corp., Armonk, NY, USA). The results are expressed as the mean ± standard deviation, and statistically significant differences were analyzed using one-way analysis of variance, followed by the Tukey's post hoc tests. P<0.05 was considered to indicate a statistically significant difference.
Results
Lentivirus-mediated shRNA interference inhibits FASN expression in A549 cells. To assess the role of FASN in A549 cells, FASN expression was knocked down using a lentivirus-mediated shRNA approach, and the FASN mRNA and protein expression levels in transfected cells were evaluated using RT-qPCR and western blot analysis. The results of RT-qPCR analysis revealed that FASN mRNA levels were suppressed by ~92 and 88% in the cells that were transfected with shFASN#3072 and shFASN#7377, respectively. FASN mRNA was significantly decreased in shFASN#3072 and shFASN#7377-transfected cells compared with the negative control (NC) group (P<0.01; Fig. 1A) . The RT-qPCR results were consistent with the results of the western blot analysis (Fig. 1B) , which revealed that the expression of FASN protein in cells transfected with shFASN#3072 or shFASN#7377 was markedly diminished compared with the NC group. These data suggested that the lentivirus-mediated shRNA system was able to successfully inhibit the expression of FASN in A549 cells.
Knockdown of FASN inhibits the proliferation of A549 cells.
The effect of FASN knockdown on cell proliferation was investigated using a CCK-8 assay. After 1, 2 and 3 days, the absorbance values of the cells that were transfected with FASN-shRNA#3072 and FASN-shRNA#7377 revealed that proliferation was significantly inhibited in these groups compared with the NC group. The proliferation rates of shFASN#3072-and shFASN#7377-transfected cells at 24, 48 and 72 h were decreased by 16, 29 and 27% (shFASN#3072; P<0.01), and 18, 17 and 17% (shFASN#7377; P<0.05), respectively (Fig. 2) .
Radiosensitivity is increased in A549 cells transfected with FASN shRNA.
To determine the effect of FASN expression on the radiosensitivity of A549 cells, colony formation assays were performed following exposure of the cells to varying doses of irradiation. As demonstrated in Fig. 3 , the number of colonies formed by cells transfected with shFASN#3072 and shFASN#7377 was significantly reduced compared with the NC group. In addition, radiation led to a dose-dependent decrease in the survival of A549 cells (P<0.05 for all radiation doses). The results indicated that shRNA-FASN cells exhibited reduced radioresistance compared with the cells in the NC group.
Silencing FASN increases the percentage of cells in the G2/M phase following irradiation.
Flow cytometric analysis was conducted to evaluate changes in cell cycle progression following irradiation. As indicated in Fig. 4 , the groups transfected with shFASN#3072 and shFASN#7377 exhibited a higher proportion of cells in the G2/M phase compared with the NC group (shFASN#3072 and shFASN#7377 vs. NC group, 9.93±1.56% and 8.13±1.62% vs. 3.82±0.17%; P<0.05; Fig. 4) . Following exposure to 6 Gy irradiation, the proportion of cells in the G2/M phase was significantly increased in shFASN#3072 and shFASN#7377-transfceted cells compared with negative control (shFASN#3072 and shFASN#7377 vs. NC group, 18.79±0.97% and 15.16±1.53% vs. 5.50±0.49%; P<0.01; Fig. 4 ). These data suggested that transfection of FASN-shRNA combined with ionizing radiation increased cell cycle arrest at the G2/M phase compared with the NC group.
Downregulation of FASN increases radiation-induced apoptosis of A549 cells.
The rate of apoptosis following ionizing radiation treatment was evaluated using Annexin V/PI staining. As indicated in Fig. 5 , flow cytometry revealed that the proportion of apoptotic cells in the cells transfected with shFASN#3072 or shFASN#7377 was higher compared with the NC group. Following treatment with 6 Gy radiation, the rate of apoptosis in cells transfected with shFASN#3072 or shFASN#7377 was significantly increased compared with the NC group (P<0.01). The percentages of apoptotic cells (upper and lower right quadrants) for shFASN#3072-and shFASN#7377-transfected and NC cells without radiation treatment were 9.8±1.47, 8.4±1.21 and 3.93±0.47%, respectively and the values following treatment with 6 Gy radiation for shFASN#3072-and shFASN#7377-transfected and NC cells were 15.38±1.00, 27.79±2.25 and 19.85±1.34%, respectively. These data indicated that NSCLC cells transfected with FASN-shRNA that were subjected to ionizing radiation had an increased rate of apoptosis compared with the NC group.
Downregulation of FASN inhibits DNA damage repair following irradiation.
To analyze whether the inhibition of FASN may affect radiosensitivity, the expression levels of DNA-PKcs protein, a key protein associated with the repair of DNA DSBs, following exposure to 6 Gy irradiation were analyzed. As indicated in Fig. 6 , the downregulation of FASN expression suppressed the levels of DNA-PKcs and inhibited the increase in the levels of these proteins following irradiation. These results indicated that FASN-mediated radioresistance may be associated with the expression of the DNA DSB repair protein DNA-PKcs.
Discussion
Numerous previous studies have demonstrated that FASN, a multifunctional enzyme, has important effects on the occurrence, progression, invasion and metastasis of tumors (15) . In mammalian metabolism, fatty acids are either exogenously derived from the diet or endogenously derived via de novo lipogenesis (19) . Under physiological conditions, due to a balanced diet, FASN is thought to provide the fatty acids for growth, development and survival (20) . Therefore, the latter is the primary source of fatty acids (21) . FASN is a 250-270-kDa cytosolic protein, and its main physiological function is to catalyze the production of palmitate, a 16-carbon saturated fatty acid, from acetyl CoA and malonyl CoA (22) . However, little is known about its function in radiosensitivity of NSCLC. The aim of the present study was to investigate the effect of FASN knockdown by constructing a lentiviral vector containing shRNA that targets FASN (pSIH-H1-Puro-shRNA-FASN) . The results demonstrated that FASN is associated with the regulation of cell proliferation, cell cycle and apoptosis. In addition, FASN expression was revealed to have a significant effect on radiosensitivity, where the downregulation of FASN increased the sensitivity of A549 cells to radiation. These results are in agreement with those of Yang et al (17) , who recently reported that FASN expression was correlated with radiation resistance and poor clinical outcome in patients with pancreatic cancer.
FASN may be an optimal diagnostic marker and a potential therapeutic target due to its distinctive tissue distribution and special enzymatic activity (23, 24) . FASN is often highly expressed in human cancer, whereas it is usually undetectable or exhibits low expression in the majority of normal human tissues (13) (14) (15) (16) (17) . This differential tissue distribution makes FASN an attractive target for the development of novel anticancer techniques (13) (14) (15) (16) . Zhou et al evaluated 80 samples of esophageal cancer, revealing that FASN is primarily localized in the cytoplasm of esophageal cancer, but exhibited little or no expression in normal esophageal tissues (16) . Similarly, Kao et al (15) investigated FASN expression in nasopharyngeal carcinoma using immunohistochemistry and revealed that FASN was positively expressed in the tumoral cytoplasm, but exhibited low or no expression in non-tumor epithelium.
Previous studies have demonstrated that the upregulation of FASN increases tumor cell proliferation (25) , decreases the rate of apoptosis (17), and increases the resistance to chemotherapy and radiation of tumor cells in various human neoplasms (26) . In line with this, the present study revealed that downregulation of FASN caused a significant reduction in the proliferation of A549 cells, suggesting that FASN may be involved in NSCLC oncogenesis. Furthermore, silencing of FASN led to cell cycle arrest in the G2/M phase, suggesting that FASN promotes proliferation through modulation of cell cycle. Furthermore, silencing of FASN was accompanied by an increase in apoptosis. Similarly, a previous study by Jiang et al (14) demonstrated that downregulation of FASN led to decreased proliferation and increased apoptosis in bladder cancer cells. Notably, the combination of shFASN and ionizing radiation significantly inhibited proliferation, promoted apoptosis and increased cell cycle arrest in the G2/M phase compared with shFASN or ionizing radiation alone.
To address the fact that a decrease in apoptosis may lead to long-term resistance to radiotherapy, a colony formation assay was conducted in the present study, revealing that transfection with shFASN led to the formation of considerably fewer colonies compared with the control group. This indicates that the knockdown of FASN is able to markedly enhance cell susceptibility to irradiation. At the same time, this demonstrated that a combination of shFASN and ionizing radiation reduced clonogenic survival compared with each treatment alone.
The present study demonstrated that the knockdown of FASN expression increased the radiosensitivity of A549 cells. Additionally, previous studies have indicated that FASN overexpression contributes to the resistance to several chemotherapeutics (17, 26) . This finding prompted the investigation into whether or not FASN regulates DNA damage responses.
DNA is a major target that is damaged by ionizing irradiation, generating a series of genomic DNA lesions, of which DSBs are the most important (27) . There are two major mechanisms for the repair of DSBs induced by ionizing radiation: Homologous recombination and non-homologous end joining (NHEJ) (28) . NHEJ is regarded as the primary mechanism for the repair of radiation-induced DSBs throughout the cell cycle (29) . In healthy cells, this repair function is crucial for cell survival, while in cancer cells this may lead to resistance to radiation (30) . The DNA-PK proteins, which are involved in NHEJ, contain DNA-PKcs and ku70/ku80 (31) . DNA-PKcs has been verified to initiate DNA repair directly by combining with DNA ends in the absence of ku70/ku80 (32) . As discussed earlier, the present study assessed the association between FASN and DNA-PKcs in order to investigate the mechanism by which FASN affects the radiosensitivity of NSCLC cells. The results from western blotting revealed that the inhibition of FASN downregulated the protein levels of DNA-PKcs and markedly inhibited the increase of the expression of this protein following irradiation. This finding indicates that the suppression of FASN expression may decrease the ability of NSCLC cells to repair DSBs induced by radiation and that this effect is partly mediated by the DNA-PKcs pathway. Further experiments to analyze the possible molecular mechanisms of DNA DSB repair proteins in the regulation of FASN-mediated radiosensitivity are currently being conducted in the laboratory of the present authors.
In summary, the present study demonstrated that the suppression of FASN combined with ionizing radiation enhanced the radiosensitivity of NSCLC cells by inhibiting proliferation, promoting cell cycle arrest, triggering apoptosis and decreasing the DNA damage repair capability of A549 cells. Therefore, combined with the observations reported in previous studies, this suggests that FASN may be a potential target for therapeutic interventions designed to increase the radiosensitivity of NSCLC.
